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Abstract
Difficulties in phonological processing have been proposed to be the core symptom of developmental dyslexia. Phoneme awareness tasks
have been shown to both index and predict individual reading ability. In a previous experiment, we observed that dyslexic adults fail to
display a P3a modulation for phonological deviants within an alliterated word stream when concentrating primarily on a lexical decision task
[Fosker and Thierry, 2004, Neurosci. Lett. 357, 171–174]. Here we recorded the P3b oddball response elicited by initial phonemes within
streams of alliterated words and pseudo-words when participants focussed directly on detecting the oddball phonemes. Despite significant
verbal screening test differences between dyslexic adults and controls, the error rates, reactions times, and main components (P2, N2, P3a,
and P3b) were indistinguishable across groups. The only difference between groups was found in the N1 range, where dyslexic participants
failed to show the modulations induced by phonological pairings (/b/–/p/ versus /r/–/g/) in controls. In light of previous P3a differences, these
results suggest an important role for attention allocation in the manifestation of phonological deficits in developmental dyslexia.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Developmental dyslexia is a disorder characterized by
literacy difficulties independent of social influences and
incommensurate with an individual’s intelligence or sensory
abilities [11]. Literacy difficulties associated with dyslexia
can be identified in the early school years [4], they persist
throughout childhood [20] and into adulthood [6,7,24,44].
Some remediation programs have been shown to increase
reading accuracy, although reading fluency appears to be
less prone to improvement [48]. Nevertheless, behavioral
symptoms and neurophysiological differences have been
demonstrated in high performing dyslexic adults [25], even
those successfully pursuing university studies [24].
Among the fundamental cognitive mechanisms sug-
gested to influence the acquisition of literacy skills, the
fluent control of segmental phonology has been one of
the most long standing [41]. Although awareness of the
phonological units of speech is seemingly not required
for spoken language acquisition [19], it correlates with
reading skill and predicts the later reading abilities of
pre-literate children [36,53]. Consequently, different
authors argue that phonological processing has a central
part to play in developmental dyslexia [41,46,50]. More
specifically, numerous cross-sectional and longitudinal
studies suggest that deficient phoneme awareness is a
core symptom, and may even be a cause, of dyslexia
[5,36].
In addition to traditional behavioral approaches, event-
related potentials (ERPs) provide the opportunity to test
specific hypotheses concerning the cognitive processes
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taking place during stimulus perception, evaluation, and
response planning by tracking average electrical signals
produced by the brain over the scalp. Components such as
the auditory N1 and P2 offer insight into aspects of
stimulus perceptual processing (e.g., [12]) and the building
of transient working memory representations (e.g., [9]).
Modulation of the N2 component (mismatch negativity,
MMN) provides an index of automatic change detection in
the context of attended or passive auditory oddball
paradigms (series of identical stimuli or dstandardsT
interrupted by low probability stimuli ddeviantsT; [33]).
The classical P300 is observed in similar oddball contexts,
but only when the stimuli are consciously attended to [47].
Completely unexpected stimuli different from standards
and deviants within an oddball stream (dnovelT task-
irrelevant stimuli) elicit a somewhat different P300 peaking
slightly earlier over fronto-central regions (dnovelty P300T;
[47]). Studies of classical and dnoveltyT P300s have led to
the differentiation of two subcomponents within the P3
wave: (a) the P3a more visible over fronto-central electro-
des and thought to index automatic shifts of attention [17];
and (b) the P3b more visible over centroparietal electrodes
and thought to index target detection and working memory
updating [40]. In the auditory modality, P3a/P3b com-
plexes have been studied using pure tone oddballs (e.g.,
[13]), phonological oddballs (e.g., [16,34]), and lexical
oddballs (e.g., [39]). Because the P300 indexes awareness
of stimulus change, it has been studied in dyslexic
individuals in an attempt to characterize potential atten-
tional deficits. For example, Holcomb et al. [26] reported a
reduction of the P300 effect to a pure tone oddball in
dyslexic children and individuals with attention disorder as
compared to matched controls. Others, however, have
failed to observe this difference [3,14,43].
In light of the phonological deficit hypothesis introduced
earlier, it is surprising that verbal material has scarcely been
used in comparison to simpler acoustic stimuli such as pure
or harmonic tones in P300 experiments involving dyslexic
participants. In a previous study [18], we found that the P3a
elicited by phonological oddballs in adult participants
performing a lexical decision task (LDT) was absent in
dyslexic adults matched for level of education. Since the
participants were not explicitly instructed about the phono-
logical oddball manipulation, but rather focused on the
LDT, we speculated that the P3a observed in controls
indexed spontaneous attentional shifts towards deviant
phonemes (see for instance [17]). Thus, the absence of a
P3a modulation in dyslexic participants indicated that they
were either (a) not aware of the phonological difference
between standards and deviants despite having the resources
to attend to them, or (b) not able to free up attentional
resources required by the LDT to enable detection of the
phoneme change [18].
In order to discriminate between these two hypotheses,
we used the same phonological oddball context as before
[18], but the phonological differences were placed directly
in the focus of attention by requesting phonological
decisions rather than lexical ones. Two different phono-
logical contrasts–narrow, /b/–/p/ and wide, /r/–/g/–were used
to test for possible effects of phonemic distance (Table 1).
Voicing was considered a critical phonemic feature as
normal adults find it harder to distinguish phonemes that
vary only in voicing than in other articulatory characteristics
[32]. In line with our previous study [18], we hypothesized
that a specific phoneme awareness deficit would result in a
significant reduction of the P3 modulation when attention is
paid to phoneme oddballs directly. However, we expected a
modulation of the P3b rather than the P3a since the
phonological oddball was the target (rather than a dis-
tracter). Alternatively, indistinguishable performance and
P3b response to phoneme oddballs in the focus of attention
would suggest an important role of attention in the
emergence of the phonological deficit. In addition, we
expected to observe a larger P3b modulation for the /r/–/g/
than the /b/–/p/ phonological contrast in both groups, since
discrimination difficulty is known to influence the P3b
effect [28].
2. Materials and methods
2.1. Participants
Twelve developmental dyslexic adults (mean age 20 F
1 year, 4 males) and 12 control adults (mean age 19 F 1
year, 4 males) took part in the experiment which was
approved by the University of Wales Bangor ethics
committee. All participants were right-handed native
English speakers. Dyslexic volunteers were referred by
the Bangor Dyslexia Unit. All had a record of reading
difficulties and were diagnosed dyslexic on the basis of a
battery of standardized tests that focused on the discrep-
ancy between verbal and nonverbal performance [49].
Participants matched for level of education were admin-
istered an additional dedicated battery of subtests to
assess differences in reading and spelling (Table 2).
Subtests were taken from the Dyslexia Adult Screening
Test (DAST, [35]), WAIS-III [51], and Wide Range
Achievement Test (WRAT-3, [52]). In addition, the
Barkley current symptom scale [2] was used as a self-
report measure of Attention Deficit Hyperactivity Dis-
Table 1
Example words and pseudo-words for phonological contrasts (/b/–/p/, first
row and /r/–/g/, second row) with mean lexical frequency (CobLoga)
Standards Deviants
Frequency Example Frequency Example
1.17 F 0.38 basin bafin 1.30 F 0.07 packet pamet
1.37 F 0.41 rabbit raddit 1.18 F 0.32 gallon gatton
Pseudo-words are italicized.
a The CELEX lexical database [1].
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order (ADHD) symptoms to control for potential co-
morbidity effects.
2.2. Stimuli
The stimuli were 175 words selected from the CELEX
database [1] and 175 pseudo-words pronounced by a female
speaker with natural prosody and digitized at 44.1 kHz (see
Table 1; [18]). Stimulus duration was 562 F 139 ms on
average. Words were controlled for lexical frequency
(CobLog frequency greater than 0.8) and length (4–7
phonemes). Two initial phoneme contrasts were used: /r/
versus /g/ (wide contrast), and /b/ versus /p/ (narrow contrast).
/r/ and /g/ vary in place of articulation (alveolar/velar) and
manner of articulation (approximant/plosive), but not voicing
(both are voiced). /p/ and /b/ have the same place (bilabial)
and manner (plosive) of articulation, but have different
voicing (unvoiced/voiced). The pseudo-words were derived
from the words by changing their medial consonant (3rd or
4th phoneme).
2.3. Design and procedure
The oddball manipulation was based on the initial
phoneme of each stimulus: standards (80%) started with
/r/ or /b/ and deviants (20%) started with /g/ or /p/,
respectively. Stimuli were presented to participants through
inner auricular earphones (Etymotick Research, Illinois,
USA) at the start of an 800 ms response window.
Participants were asked to press a keyboard button with
their right index finger on each occurrence of the deviant
(low probability initial phoneme). Stimulus onset asyn-
chrony was held constant at 1400 ms, which was the
maximum response time beyond which a trial was deemed
an error. False alarms were analyzed separately. Participants
were asked to fixate on a red dot in front of them to
minimize eye blinks and head movements. Block order was
counterbalanced across participants.
2.4. EEG recording and processing
EEG recordings were digitized at 1 kHz from 32 Ag/
AgCl electrodes conforming to the extended international
10–20 convention and referenced to Cz. Bipolar recordings
were made from electrodes set above and below the left eye.
Continuous recordings were band pass filtered on-line
between 0.01 and 200 Hz before being digitally re-filtered
off-line (zero phase shift low pass 35 Hz, slope = 48 dB/
Oct). Eye blinks were mathematically corrected when the
standard deviation of the blink model was below 0.005
(Scan 4.2; Neuroscan, Texas, USA). Signals were then
sliced into 1.1 s epochs, starting 100 ms before and ending
1000 ms after stimulus onset. Baseline correction was
performed in reference to pre-stimulus activity. Individual
averages were re-referenced to the global field power (GFP)
produced across the scalp (average reference) before grand
averages were calculated for each condition.
2.5. Statistical analysis
Main ERP components were identified based on their
typical topography, deflection, and latency. Windows of
analysis for each component were defined on the basis of the
mean global field power (MGFP) across conditions and
groups [37]: 70–140 ms for the N1, 140–240 ms for the P2,
240–320 ms for the N2, 320–380 ms for the P3a, and 450–
700 ms for the P3b. Peak detection was time-locked to the
electrode of maximal amplitude for each component: Cz for
the N1 and P2, Fz for the N2 and P3a, and Pz for the P3b. In
each case, mean amplitudes were measured at three electro-
des chosen a priori based on the known region of maximum
sensitivity for each component [37]: C3, Cz, C4 for the N1
and P2; FC1, Fz, FC2 for the N2 and P3a; and P3, Pz, P4 for
the P3b. Mean amplitudes were submitted to a 2  2  3
within-subject 2 between-subject repeated-measures
ANOVA. Within-subject factors were oddity (standard,
deviant), phonological contrast (/b/–/p/ or /r/–/g/), and
Table 2
Cognitive assessment
Control Dyslexic P value
M SD M SD
DAST reading (words/min) 101 10 88 17 b0.05
DAST spelling (words/2 mina) 35 2 28 4 b0.001
DAST non-verbal (range 0–8) 6 2 6 2 NS
WRAT readingb 110 5 103 5 b0.01
WRAT spellingb 107 5 94 9 b0.001
WAIS matrix reasoning (range 0–26) 19 3 20 4 NS
WAIS digit span (range 0–30) 17 4 16 4 NS
ADHD symptom scale
Inattention (range 0–9) 3 2 3 2 NS
Hyperactivity (range 0–9) 2 2 3 2 NS
Means (M) and standard deviations (SD) are shown for each score on the cognitive subtests. P values are given for each significant effect based on a between
subjects ANOVA.
a Based on the scoring criteria for this test, values are equal to the number of words spelt correctly in 2 min plus 8 additional points.
b Standard score.
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electrode (three in all cases). The between-subject factor was
group (control, dyslexic). Since we had no prediction
regarding differences in peak latencies and since no
significant group effect or interaction involving the group
factor was found on the latency of the P3a and P3b, we have
chosen not to report latency analyses here. A Greenhouse–
Geisser correction was applied to electrode main effects and
interactions where appropriate [21]. Interactions involving
the electrode factor were validated using vector normal-
ization [31]. Unless otherwise specified, only significant
main effects and interactions surviving normalization
(P b 0.05) are reported.
3. Results
3.1. Cognitive assessment
Dyslexic and control participants did not differ in their
measures of nonverbal performance or ADHD symptoms
(Table 2). However, dyslexic adults performed significantly
more poorly than controls in the two reading subtests and in
the two spelling subtests used. No participant fell below one
standard deviation (SD) of the normal population on the
WRAT-3 spelling or reading scores.
3.2. Behavioral results
A repeated-measures ANOVA failed to reveal any
significant difference in performance between the groups
(Fig. 1a). The only significant effect was a main effect of
phonological contrast on reaction times (F(1,22) = 5.15,
P b 0.05), such that responses to the /r/–/g/ contrast (mean =
752 F 126 ms) were faster than those to the /b/–/p/ contrast
(mean = 806 F 170 ms) in both groups (errors being
dismissed).
False alarms were Arcsine transformed due to their low
rate and submitted to a repeated-measures ANOVA [27].
Both the control and dyslexic participants made signifi-
cantly more false-alarm responses (F(1,22) = 6.43, P b
0.05) to the narrow contrast (/b/–/p/) than the wide contrast
(/r/–/g/; Fig. 1b).
The number of misses was low in both groups: 3F 3 and
4 F 3 misses for the narrow and wide phonological
contrasts, respectively, in controls, and 3 F 2 and 2 F 2
misses for the narrow and wide phonological contrasts,
respectively, in dyslexics. The miss rates were too low to
show any significant difference between groups.
3.3. ERP results
Five ERP components were observed in both groups: N1,
P2, N2, P3a, and P3b. Grand average waveforms recorded
at 9 electrodes in the two groups are shown in Fig. 2.
N1 was maximal at Cz and peaked at 104 F 10 ms on
average. There was a significant phonological contrast 
group interaction on the amplitude of N1 (F(1,22) = 4.92,
P b 0.05, see Fig. 3). Control participants showed a
increased N1 for the /b/–/p/ initial phoneme pair as
compared to the /r/–/g/ pair (t(11) = 2.52, P b 0.05)
which was not observed in dyslexic adults (t(11) = 0.34, P N
0.1). No other interaction or main effect on N1 amplitude
was found.
P2 was maximal at Cz and peaked at 192 F 16 ms on
average. There was an oddity  phonological contrast
interaction on P2 amplitudes in both dyslexic and control
adults (F(1,22) = 21.92, P b 0.001, see Fig. 4). P2 was
smaller for /p/ than /b/ (t(23) = 3.96, P b 0.01) and for /r/
than /g/ (t(23) = 2.16, P b 0.05). No other effects or
interactions on P2 amplitude were found.
N2 was maximal at Fz and peaked at 289 F 19 ms on
average. A significant main effect of initial phoneme oddity
was observed on N2 (F(1,22) = 4.54, P b 0.05, see Fig. 5).
Deviant initial phonemes elicited a greater N2 than standard
initial phonemes (t(23) = 2.16, P b 0.05). There was no
group main effect or group interactions for this component.
The P3a peak was most visible at fronto-central sites and
peaked at 352 F 19 ms on average. It was not significantly
modulated by any of the experimental factors and was not
different between groups.
P3b was maximal at Pz and peaked at 583 F 73 ms on
average (Figs. 2 and 6). It was significantly modulated by
Fig. 1. Behavioral results. (a) Bars depict reaction times in controls (left)
and dyslexic adults (right) for the narrow phonological contrast in which the
deviant /p/ was the target and the wide phonological contrast in which the
deviant /g/ was the target. Circles depict miss rates. (b) False alarms plot.
Error bars indicate standard errors in all cases.
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phoneme oddity (F(1,22) = 49.64, P b 0.001). In both
groups, deviant phonemes /p/ and /g/ elicited significantly
greater amplitudes than standards /b/ and /r/. There was no
significant interaction between oddity and phonological
contrast. However, the modulation of the P3b (deviant–
standard) tended to be proportional to the phonemic distance
(Fig. 6). The size of the P3b effect was indeed larger for the
/r/–/g/ pair (Cohen’s d = 1.8) than for the /p/–/b/ pair (Cohen’s
Fig. 2. Grand average ERPs elicited by standard initial phonemes (thin lines) and deviant initial phonemes (thick lines) in (a) controls and (b) dyslexic adults.
Shaded boxes depict the interval of analysis of the P3b.
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d = 1.0) using the conservative effect size calculation for
repeated measures designs suggested by Dunlop et al. [15].
No correlations between mean amplitudes and performance
in the verbal subtests of the cognitive assessment were found
for any of the ERP components observed.
4. Discussion
Control and dyslexic adults participating in this experi-
ment had normal and indistinguishable performance in the
nonverbal tests (Table 2). Classically, a difference in digit
span is usually found between dyslexic and control adults
(e.g., [24]). However, no such difference was found here. In
addition, the reading and spelling performance of the
dyslexic participants remained within one standard devia-
tion (SD) of the normal populations’ performance. Such a
level of performance has been reported before for dyslexic
adults with this level of education [22,24]. Nevertheless,
dyslexic participants showed a clear impairment in reading
and spelling compared with matched controls.
Dyslexic participants’ performance did not differ from
that of controls in error rates, reaction times, or number of
false alarms. Both dyslexic and control participants
Fig. 3. Grand average ERPs elicited by the /b/–/p/ (doted lines) and the /r/–/g/
(solid lines) initial phoneme pairings in controls (black) and dyslexic adults
(grey) at Cz. N1 was different between phonological pairings in the control
group but not in the dyslexic group.
Fig. 5. Grand average ERPs elicited by standard initial phonemes /r/ and /b/
(solid line) and deviant initial phonemes /p/ and /g/ (doted line) averaged
over participant groups at Fz. N2 was significantly larger for deviants than
standards.
Fig. 4. Grand average ERPs elicited by the four initial phonemes /r/ (solid
black line), /g/ (doted black line), /b/ (solid grey line), and /p/ (doted grey
line) averaged over participant groups at Cz. P2 was significantly larger for
/b/ and /g/ than /r/ and /p/.
Fig. 6. Grand average waveforms in the four experimental conditions
averaged across groups over the centroparietal scalp (linear derivation of
CP1, CP2, and Pz). Note that P3b (shaded box) effect size (deviant-
standard) tended to be greater for the wide phonological contrast (black
lines) than for the narrow phonological contrast (grey lines).
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responded faster to the wide phonological contrast and made
more false-alarms on the narrow contrast. This suggests that
both dyslexic and control participants found it harder to
identify oddball initial phonemes correctly when they were
presented with standard initial phonemes that varied only in
voicing from the oddballs, than when they varied in both
place and manner of articulation. There was no difference
between groups in this behavioral pattern. Although some
authors have shown a difference between dyslexic and
control participants for narrow phonological contrasts on
artificial continua [42], this reduction in discrimination
ability does not seem to carry over to the identification of
phonemes in natural speech, at least not when the stimuli are
highly discriminable by the controls [45].
The N1 mean amplitude was significantly greater for /b/
and /p/ than /r/ and /g/ initial phonemes in controls only. The
less discriminative N1 observed in dyslexic participants did
not however correlate in amplitude with any of the cognitive
assessment measures. N1 modulations are thought to index
low-level perceptual processing capacity [29]. For example,
Pinkerton et al. [38] observed a smaller N1 in poor readers
during a passive tone listening task, the amplitude of which
correlated with performance IQ, comprehension, reading,
and spelling measures. However, using similar tasks, others
have observed no differences in N1 between dyslexic and
control individuals [54]. In contrast to simple tones,
phonemes are complex acoustic signals incorporating
several frequency bands and modulations. Therefore, N1
differences arising in the context of pure tone passive
listening may not be a powerful test of higher order auditory
processing involved in phonological awareness. Never-
theless, the lack of difference in performance between
dyslexic and control adults shown here tends to discard any
significant relationship between the N1 difference and
phoneme identification per se.
The amplitude of P2 was greater for /b/ and /g/ than /r/
and /p/ initial phonemes. The P2 has been shown to be
modulated by short-term memory demands [9] and is also
suggested to vary with acoustic differences between
phonemes [34]. In this study, the difference in P2 is likely
to represent the greater processing demands of /b/ and /g/
phonemes which have minimal perceptual cues for identi-
fication [30]. When long, voice onset time (VOT) provides a
distinct cue for the identification of phonemes (so-called
voiceless phonemes). However, in the case of English,
voiced stop consonants such as /b/ and /g/ have little if any
voicing lag (short VOT). Phonemes /b/ and /g/ are therefore
less perceptually salient than /p/ and /r/ and may require
more processing. This effect possibly relates to the P2
modulation reported by Newman et al. [34] who engaged
participants in a phoneme deletion task. The task was to
decide whether the second word of a pair (e.g., dlapT) was
the first word (e.g., dclapT) devoid of its first phoneme.
Newman et al. [34] observed that the P2 was significantly
larger for targets (correct phoneme deletion) than foils
(irrelevant words). They suggested that this modulation
reflected changes in the acoustic features of the different
initial phonemes presented across conditions.
N2 was significantly more pronounced for phonological
deviants than standards. This effect can be attributed to a
mismatch negativity [33], indicating automatic detection of
phonological oddballs within the alliterated stream of words
[8]. Similar effects have been described previously in
experiments manipulating phonological expectancy in spo-
ken sentences [10]. Here, the N2 effect did not interact with
group, suggesting that implicit phonological expectations
were intact in dyslexic participants.
We found no significant P3a modulation in either group.
Since participants’ attention was fully dedicated to the initial
phoneme of words, there is no reason why a P3a modulation
indexing automatic detection of novel (task-irrelevant)
events should be observed [47]. Interestingly, in Fosker
and Thierry [18], it is the P3a that was modulated by
phoneme oddity in controls, probably because phonological
oddballs constituted attention-grabbing stimuli outside the
main focus of the task [17]. Indeed, the task being a LDT
meant that the probability of the initial phoneme was
irrelevant. As we speculated at the time, the absence of such
a P3a modulation in the dyslexic adult group could indicate
a failure to shift attention to phonological cues, possibly due
to the high demands of the LDT.
A large P3b maximal at centroparietal sites was observed
in dyslexic and control participants, consistent with the
hypothesis that the phoneme oddball was efficiently
detected by both groups [40,47]. The absence of any group
differences in both the P3a and the P3b windows was
congruent with the absence of differences in behavioral
oddball task performance. In a previous study using the
same alliterated streams of words and pseudo-words, we
observed a cancellation of the P3a in dyslexic adults when
their attention was focused primarily on lexical decision
rather than phonological oddballs [18]. When the focus is on
phonological processing, however, P3b effects elicited by
phonological oddballs in dyslexic and control adults are
indistinguishable. Overall, the absence of ERP differences
between the two groups in the present experiment may be a
consequence of shifting the focus of attention to phono-
logical monitoring.
Whereas we found a significant correlation between P3a
amplitude and DAST reading score in the previous study,
we failed to identify any correlation between either the P3a
or the P3b amplitude and DAST reading score in the present
study. The absence of correlation could be due to a
limitation of P3b sensitivity, which reaches saturation level
in tasks of low attentional demand [14]. Consistent with this
view, demanding phoneme awareness tasks have been
shown to correlate better with reading skill than simple
phoneme discrimination [55] or identification. It may
therefore be the case that a more demanding phoneme
awareness task than the one used here, such as phoneme
deletion or spoonerism judgment, would reveal differences
between dyslexic and control individuals.
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5. Conclusion
When phoneme identification is in the focus of attention,
we show that P3b modulations elicited by phonological
oddballs are identical in dyslexic and control participants,
despite a clear difference in literacy skills between groups.
This result stands in contrast to a previous study [18] where
a significant P3a modulation was observed in controls but
not dyslexic adults when phonological oddballs were out of
the attentional focus. Overall, these findings point to a major
role of attentional resource allocation on phonological
processing. Such attentional deficit might relate to the
sluggish attention shifting hypothesis proposed by Hari and
Renvall [23]. Further research will determine whether
phonological tasks with greater attentional demands allow
differences between dyslexic and control adults to emerge,
and more importantly, whether attentional demands also
affect dyslexic individuals’ performance in nonverbal tasks.
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